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The correlation between magnetic properties and microscopic structural aspects in the diluted
magnetic semiconductor Ge1−xMnxTe is investigated by x-ray diffraction and magnetization as a
function of the Mn concentration x. The occurrence of high ferromagnetic-transition temperatures in
the rhombohedrally distorted phase of slowly-cooled Ge1−xMnxTe is shown to be directly correlated
with the formation and coexistence of strongly-distorted Mn-poor and weakly-distorted Mn-rich
regions. It is demonstrated that the weakly-distorted phase fraction is responsible for the occurrence
of high-transition temperatures in Ge1−xMnxTe. When the Mn concentration becomes larger, the
Mn-rich regions start to switch into the undistorted cubic structure, and the transition temperature
is suppressed concurrently. By identifying suitable annealing conditions, we successfully increased
the transition temperature to above 200 K for Mn concentrations close to the cubic phase. Structural
data indicate that the weakly-distorted phase fraction can be restored at the expense of the cubic
regions upon the enhancement of the transition temperature, clearly establishing the direct link
between high-transition temperatures and the weakly-distorted Mn-rich phase fraction.
I. INTRODUCTION
GeTe is a very intriguing material attracting huge
interest for its diversity on different physical proper-
ties: It is a fairly good conductor due to native Ge
vacancies creating hole-type charge carriers, otherwise
a narrow-gap semiconductor.1 It features a many-valley
band structure1–3 and was among the first semiconduc-
tors with such a peculiar band structure found to su-
perconduct after the prediction by Cohen back in the
1960s.4–6 At high temperatures, it crystallizes in a cubic
structure (space group Fm3¯m; β−GeTe). Upon cool-
ing, the system undergoes a structural transition into a
rhombohedral phase (space group R3m; α−GeTe) at ap-
proximately 430◦C due to a polar distortion which leads
to an elongation of the unit cell along the cubic [111]c (or
rhombohedral [003]h in hexagonal setting) direction.
7–15
In recent years, GeTe attracted attention due to the pre-
diction of a giant Rashba-spin splitting in its bulk bands
due to the pronounced polar structure,16,17 for which
shortly after experimental evidence was reported.18–20
Doped GeTe compounds also serve as base materi-
als in thermoelectricity21,22 as, e.g., (Ge,Pb,Yb)Te,23
GeTe:Bi2Te3,
24 or the well-known family of TAGS
(GeTe)x(AgSbTe2)1−x compounds.25,26 Another impor-
tant feature from the viewpoint of application is the
functionality of GeTe-based alloys in switchable phase-
change-memory devices.14,27–30 GeTe is one end mem-
ber of the GeTe – Sb2Te3 pseudo-binary system where
state-of-the-art phase-change materials are found.31 The
switching between crystalline and amorphous phases can
be induced by, e.g., laser irradiation (optical pulse)
or electrical fields (electric pulse) causing an order –
disorder transition in analogy with liquid-crystal transi-
tions, where a supercooled disordered state, i.e., a glassy
amorphous state, competes with a long-range crystallo-
graphically ordered state.29,32
GeTe also offers the possibility of enhanced mag-
netic interactions and applicability in spintronics devices:
Magnetism is induced in GeTe when doping with Cr, Mn,
or Fe at the Ge site,33–36 adding the possibility of multi-
ferroicity to its list of features.37,38 These doped materi-
als belong to the family of binary diluted magnetic semi-
conductors, such as (Ga,Mn)N or (Ga,Mn)As, for which
magnetic ordering temperatures around room tempera-
ture or above were theoretically predicted to occur at Mn
concentrations of 5% or 10%, respectively, but have not
yet been experimentally realized.39–42 Among these ma-
terials, Ge1−xMnxTe attracted much interest since Mn
easily replaces Ge, forming single-phase GeTe – MnTe al-
loys up to x & 0.5.43 Upon Mn doping, the polar dis-
tortion reduces and eventually the system is driven back
to its cubic structure. Upon further doping, the crystal
structure gradually changes to hexagonal (space group
P63/mmc), and the end compound MnTe is an antifer-
romagnet.
In an early work, Cochrane et al. reported a linearly in-
creasing ferromagnetic-transition temperature Tc(x) with
a maximum value of about 165 K for x = 0.5,34 and dis-
cussed the emergence of carrier-mediated ferromagnetism
in bulk Ge1−xMnxTe in a Rudermann-Kittel-Kasuya-
Yoshida (RKKY) framework. Since then much work has
been done on thin films of Ge1−xMnxTe, with Tc be-
ing enhanced due to an increase of the charge-carrier
concentration.34,43–48 The highest values of Tc so-far re-
ported in this system are around∼ 190−200 K.47,48 How-
ever, the doping concentrations x, for which such high-Tc
values were reported, vary widely in the available litera-
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2ture, and are often in contradiction to the early work by
Cochrane et al.,34 although epitaxial strain will modify
Tc(x) in thin films to some extent.
In a preceding publication (Ref. [49]), we investigated
this system, and revealed that there are in fact two dis-
tinct magnetic phases in the low-doped region (xa . 0.15;
for the definition of xa see below) of the phase diagram,
depending on the heat treatment of the samples. These
phases are characterized by very different onset temper-
atures T ∗ of magnetization (as measured in B = 0.1 T),
explaining qualitatively the contradicting results found
in literature. Moreover we demonstrated that a sam-
ple can be switched back and forth from its low-T ∗
to the high-T ∗ phase by performing the different heat-
treatment procedures alternatingly. Hence Ge1−xMnxTe
is the magnetic analog of the aforementioned structural
phase-change materials.
The high-T ∗ phase is formed when a sample is cooled
slowly and in a controlled way from about 900 K, which
is approximately in the middle between melting point
and structural phase transition, i.e., where the system is
already solidified but still in its high-temperature cubic
phase.50 The phase diagram exhibits a dome-like struc-
ture with maximum values of T ∗ of ∼ 180 K around
xa = 0.075 (see Fig. 1). By contrast, when a sample
is quenched from the high-temperature cubic phase, sub-
stantially smaller values of T ∗ are found: T ∗ is reduced by
a factor of five to six around the maximum of the dome.
Also, the T ∗ of quenched samples is roughly proportional
to x as it is expected for RKKY-like ferromagnetic or-
der and in agreement with the earlier work (Ref. [34]).
Around xa ≈ 0.15 − 0.22, the system gradually changes
into its cubic structure at room temperature, and above
this doping-induced structural-transition range, there is
no difference in T ∗ found any more between samples
grown by either cooling recipe. In this doping range,
the slope of the T ∗ vs xa curve is also linear but reduced
as compared to the rhombohedral low-T ∗ phase.
We presented evidence that a different degree of Mn
inhomogeneity caused by a spinodal decomposition dur-
ing the cooling process is at work in this system and re-
sponsible for the rhombohedral high-T ∗ phase. In the
latter the spinodal decomposition leads to the forma-
tion of Ge1−xMnxTe with a spatial-position-dependent
Mn concentration, i.e., Mn-rich regions embedded in a
matrix of low-doped or even pristine GeTe, while in the
low-T ∗ phase the Mn dopants are much more homo-
geneously distributed. The characteristic size of these
regions was estimated to be a few tens of nm.49 Here
we present a detailed structural analysis based on high-
resolution synchrotron x-ray diffraction (SXRD) data.
In our previous study, the complicated structural situ-
ation in the high-T ∗ phase was only qualitatively and
briefly discussed based on the roughly estimated lattice
constants for one controlled-cooled sample. The present
results are based on detailed Rietveld refinements of var-
ious heat-treated samples and provide quantitative evi-
dence that in the high-T ∗ phase the degree of the rhom-
bohedral distortion changes with x in the Mn-rich re-
gions and that these are responsible for the emergence of
high-T ∗-values. Upon further doping, cubic phase frac-
tions develop locally in the Mn-rich regions, leading to a
reduction of T ∗. Eventually the structure changes glob-
ally to cubic, and the difference in T ∗ depending on the
heat treatment disappears. We also report newly identi-
fied heat-treatment conditions to enhance T ∗, which was
successfully increased to ∼ 214 K for Mn concentrations
in the structural-transition range from rhombohedral to
cubic at room temperature.
The paper is organized as follows. In Sec. II, ex-
perimental procedures are described. In Sec. III A, we
present an extended phase diagram including the newly
established “maximum-T ∗” phase line. The subsequent
Sec. III B focusses on optimizing the heat treatment of
samples to further enhance T ∗. The results of the high-
resolution SXRD experiments on selected samples are
summarized in Sec. III C. In Sec. IV, we discuss the role of
the Mn redistribution and the rhombohedrally distorted
structure, based on the results of Rietveld refinements of
the SXRD data and its impact on T ∗. Sec. V summarizes
the paper. Additional discussion and supplemental data
are provided in Ref. [53].
II. EXPERIMENTAL
All the Ge1−xMnxTe samples investigated in this pa-
per are bulk polycrystals which were grown by conven-
tional melt-growth and Bridgman methods. Stoichiomet-
ric amounts of GeTe (purity: 5N) and MnTe (3N+) were
mixed, sealed into evacuated quartz tubes, and subse-
quently heated to about 1073−1223 K. They were kept at
this temperature for at least 12 h. Then they were slowly
cooled through the melting point (GeTe: Tmelt ≈ 1000 K,
Ge0.5Mn0.5Te: Tmelt ≈ 1073 K)65 to about 900 K where
the batches are solidified in the undistorted cubic high-
temperature GeTe structure. Then the batches were
either quenched or slowly cooled down to room tem-
perature (−5 K/h). These two heat treatments yield
the aforementioned different magnetic phases. As for
batches grown by Bridgman method, the upper heater
was set to 1073 − 1223 K, the lower to 623 − 723 K.
The sealed quartz tubes with the mixed powder were
again kept for at least 12 h at the higher temperature
and subsequently slowly lowered (2 mm/h) and either
slowly cooled down to room temperature or quenched
when the quartz tube was at approximately 900 K. Addi-
tional annealing attempts at 900 K before either quench-
ing or slow cooling did not have any effect on the mag-
netic phases. Magnetic sample characterization was car-
ried out with commercial magnetometers (MPMS XL
and MPMS-3, Quantum Design). The temperature-
dependent XRD patterns were taken with a commer-
cial in-house diffractometer (Rigaku SmartLab) in N2 at-
mosphere to prevent oxidization of the powder samples.
The high-resolution synchrotron radiation experiments
3were performed at the BL44B2 beam line at SPring-8.51
The Rietveld refinements were performed using the soft-
ware RIETAN-FP.52 Inductively coupled plasma atomic-
emission spectroscopy-based (ICP-AES) analyses of the
chemical composition of selected samples were done at
Hitachi Power Solutions Co., Ltd.
III. RESULTS
A. Extended phase diagram
Figure 1 presents an extended phase diagram of T ∗
plotted against xa with T
∗ being defined as the inter-
section of the tangent to the linear part of M(T ) data
with the temperature axis as measured in B = 0.1 T
under field-cooling condition. For an example, see the
red-dotted line for one data set in Fig. 3 (a). Here we
use the notation T ∗ instead of Tc because this tempera-
ture was determined from data measured in an applied
field which smears out the transition and leads to an
overestimation of the thermodynamic Tc. For two test
samples (a controlled-cooled and a quenched rhombo-
hedral one), we determined the thermodynamic Tc via
Arrot-Noakes plots and also measured the temperature-
dependent magnetization upon warming in zero field af-
ter field cooling in B = 0.1 T, cf. Fig. S1 in the Sup-
plemental Material [53]. The phase diagram in Fig. 1 is
modified from the phase diagram presented in our previ-
ous publication [49]. There, the transition temperature
of a sample was plotted against its magnetic moment
M7T,2K measured at T = 2 K and B = 7 T, and the cor-
responding Mn concentrations were labeled xm. These
were calculated from M7T,2K under the assumption that
all Mn2+ ions contribute with their full moment 5µB, and
hence xm was taken as a measure of the effective Mn con-
centration. This approach was chosen because as-grown
batches suffer from a slight gradient of the Mn concentra-
tion on a cm scale, leading to deviations from the nomi-
nal Mn concentration for a certain sample cut from these
batches. Since then we chemically analyzed selected sam-
ples throughout the phase diagram by inductively cou-
pled plasma atomic-emission spectroscopy (ICP-AES) to
determine Mn concentrations xICP. For small xm, there
is little difference between xm and xICP. However, upon
increasing xm the difference grows. Therefore the ICP-
AES results were used to adjust xm of all samples to
obtain xa = xICP(xm) as plotted in Fig. 1. The ex-
perimental results of the ICP-AES experiments and the
details of the adjustment procedure are summarized in
the Supplemental Material [53], Fig. S2. We use these
xa throughout this paper.
54 Compared to our preceding
publication, the main change here is the slight rescaling of
the horizontal axis in Fig. 1. In addition, the position of
the gray-shaded structural-transition range is modified.
Its location is based on new results obtained from the
structural analysis presented in this paper (see Sec. IV).
FIG. 1: Extended phase diagram of Ge1−xMnxTe includ-
ing data of annealed samples which exhibit higher T ∗ val-
ues than observed before. Filled symbols refer to the T ∗ of
controlled-cooled (filled circles) or annealed (filled triangles),
open symbols to quenched samples, respectively. Colored
symbols of various shapes identify samples for which differ-
ent heat treatments were applied, see text. Pairs of quenched
and controlled-cooled samples with similar Mn concentrations
for which high-resolution SXRD measurements were carried
out are indicated with black open or filled circle symbols, re-
spectively. The labels (c) to (g) next to them refer to panels
in Fig. 4 where the respective data are shown. In addition,
SXRD data on the maximum-T ∗ sample, labeled (h) and in-
dicated by a filled green diamond, are also shown in Fig. 4.
Some of the data points were reproduced from Ref. [49]. The
dotted lines are guides to the eyes and the gray-shaded area
indicates the structural-transition range. The latter is only an
approximation and does not indicate exact phase boundaries
(see text and Sec. S9 in the Supplemental Material Ref. 53
for details).
In Fig. 1, filled symbols refer to controlled-cooled (filled
circles) or annealed (filled triangles), open symbols to
quenched samples. Some of the data points plotted with
small gray circles are reproduced from Ref. [49]. In the
rhombohedral part of the phase diagram, the samples
exhibit a huge difference in T ∗, depending on the heat
treatment. In the structural-transition range, the cubic
phase stabilizes more and more, and for larger Mn con-
centrations samples realize the same T ∗ independent of
the heat treatment for a given Mn concentration. Vari-
ous data points in Fig. 1 are highlighted by thicker black
and colored symbols. The thicker filled and open cir-
cle symbols in black indicate samples which were exam-
ined by high-resolution SXRD experiments, and they are
labeled pairwise (c), ..., (g). Each pair consists of one
controlled-cooled and one quenched sample with similar
xa. The labels refer to panels in Fig. 4 where relevant
SXRD data on these pairs of samples are shown (see
Sec. III C). The colored symbols of various shapes in-
dicate test samples which were annealed under certain
conditions to possibly enhance T ∗. These annealing ex-
periments will be discussed next. For the sample with the
highest T ∗ found in this study [labeled (h)], the SXRD
4FIG. 2: Temperature-dependent XRD patterns around the
104h and 110h reflections (in hexagonal setting) of an initially
quenched sample with xa = 0.069. First, the powder sample
was heated up to about 900 K into its high-temperature cubic
phase. Then the temperature was slowly lowered. (a) XRD
patterns taken at T = 539 K as a function of elapsed time af-
ter the temperature had settled. (b) XRD patterns taken as
a function of elapsed time, after lowering the temperature to
T = 499 K. (c) Comparison of XRD data taken at room tem-
perature before and after the high-temperature experience.
The dashed lines indicate the position of both reflections for
pristine GeTe. The different positions 2θ of the XRD peaks in
the three panels are due to the temperature-induced change
of the lattice constants (see text for details).
data are also shown in Fig. 4. The main result here is
the emergence of higher-T ∗ values exceeding 200 K, es-
tablishing the new “maximum-T ∗” line labeled as “an-
nealed” in Fig. 1.
B. Optimizing the heat-treatment procedure
Figure 2 summarizes temperature-dependent XRD
data taken with an in-house diffractometer. The em-
ployed radiation is Cu-Kα1 with a wavelength of λ =
1.54059 A˚. The plots show an expanded view on the 2θ
range around the 104h and 110h reflections (in hexago-
nal setting). The 104h peak is sensitive to changes of
the degree of the rhombohedral distortion, i.e., a sharp
104h peak with strong intensity implies a homogeneous
distortion throughout the pulverized powder sample. By
contrast, a broad peak and / or even multiple peaks in-
dicate that different parts of the sample exhibit rhom-
bohedral distortions of different degree. The 110h peak
reflects the d spacing perpendicular to the direction of
the polar distortion.55 The data shown in Fig. 2 were
measured on a quenched sample with xa = 0.069. Before
heating up the sample, XRD data was taken at room
temperature [blue data in Fig. 2 (c)]. Subsequently, the
sample temperature was increased to about 900 K. At
selected temperatures the XRD pattern was measured
during the warming run. Some of the scans are shown
in Fig. S3 of the Supplemental Material Ref. [53]. The
temperature-induced first-order structural phase transi-
tion upon warming took place between 650 K and 670 K.
At 900 K the XRD pattern was measured roughly ev-
ery hour, in total three times.56 There is only very lit-
tle change in the intensity of the diffraction profile (see
Ref. [53]). Next, the sample temperature was decreased
and XRD data was taken at certain temperatures.
The crystal structure started to distort again between
620 K and about 580 K. At T = 539 K, the XRD pattern
was taken seven times roughly every hour. The initial
(blue data), the fourth (red), and the last measurement
(green) taken at 539 K are shown in Fig. 2 (a). There is
no strong effect on the width of the diffraction lines and
only a small reduction of the intensity of the peaks at
this temperature. The most apparent change here is the
weakening and disappearance of the small shoulder visi-
ble at the low-angle side of the 110h peak by time. The
shoulder might be due to small remaining cubic-phase
fractions in the pulverized powder sample, possibly indi-
cating that the structural phase transition was not fully
completed yet when stabilizing at this temperature upon
cooling. While waiting at this temperature, the remain-
ing cubic-phase fraction of the sample also switched to
the low-temperature rhombohedral phase and hence the
shoulder disappeared.
Next, the temperature was lowered to 499 K and
the XRD pattern was measured in total 16 times in
∼ 60− 80 minutes intervals.57 Three selected XRD pat-
terns are shown in Fig. 2 (b). At this temperature, a
strong effect on the shape and intensity of the 104h peak
is observed. After ∼ 14.5 h, the 104h peak had shrunk
and broadened significantly, indicating that the Mn ions
had redistributed and, depending on the local Mn con-
centration on the ∼ 10 nm scale, locally different dis-
tortion angles had developed throughout the sample. It
is noted that the overall rhombohedral symmetry of the
structure is kept intact and that only the distribution of
the Mn ions, and hence the degree of rhombohedral dis-
tortion, has changed. Thus we conclude that ∼ 500 K is
the optimum temperature for the spinodal decomposition
to proceed in this sample.
Eventually the sample temperature was lowered back
to room temperature and the XRD pattern was measured
once again. The latter data are plotted along with data
taken at room temperature before the high-temperature
5TABLE I: Time-dependent annealing effect at T = 500 K on
as-grown controlled-cooled samples of Ge1−xMnxTe. Their
T ∗ values are indicated by colored symbols in the phase di-
agram in Fig. 1. The symbols used therein for the different
annealing steps are shown in brackets in the first line. The
colors used are with increasing xa: magenta, blue, red, green,
cyan. The temperatures T ∗ are given in K, M7T,2K in µB/f.u.
as grown (•) 1 day () 1 week (N) 3 weeks ()
xa T
∗ M7T,2K T ∗ M7T,2K T ∗ M7T,2K T ∗ M7T,2K
0.027 129 0.090 125 0.091 121 0.091 118 0.090
0.060 167 0.189 168 0.191 163 0.190 162 0.190
0.139 137 0.400 153 0.413 194 0.394 193 0.395
0.206 114 0.557 130 0.581 212 0.467 214 0.491
0.315 121 0.782 124 0.846 120 0.787 112 0.712
FIG. 3: (a) – (c) Magnetization in B = 0.1 T measured af-
ter annealing experiments on three different samples with (a)
xa = 0.060, (b) xa = 0.139, and (c) xa = 0.206. Temperature-
dependent data (field cooled; FC) is shown for the as-grown
controlled-cooled samples (blue data points) and after anneal-
ing for one day (red), one week (green), and three weeks (black
dotted lines) at the optimal spinodal decomposition temper-
ature of 500 K. The lower panels (d) – (f) summarize the field
dependences of the magnetization at T = 2 K after each an-
nealing step of the samples shown in the upper panels (a) – (c)
(zero-field cooled; ZFC), see text. The red-dotted line in panel
(a) indicates exemplarily the definition of T ∗.
experience in Fig. 2 (c) for comparison. The difference
due to the spinodal decomposition is striking. The two
vertical dotted lines at 2θ ≈ 42.1◦ and 43.5◦ mark the
positions of the two reflections for pristine GeTe. Appar-
ently the intensity of the 104h reflection shifted partially
even below the corresponding peak position for xa = 0.
This indicates that some Mn-poor regions of the sample
are even more strongly rhombohedrally distorted than
pure GeTe. In addition, the 110h peak was also affected
by the heat treatment. It became much weaker and some-
what broader compared to the initial pattern, indicating
that the d spacing perpendicular to the polar axis also
got affected.
Having identified the optimal annealing temperature
at which the spinodal decomposition takes place most ef-
ficiently, the next questions which arise are: (a) What is
the ideal annealing time, i.e., how long does it take for
the rearrangement of the Mn ions? and (b) Does such
a heat treatment further enhance T ∗? To address these
questions, four controlled-cooled as-grown test samples
from the rhombohedral phase region and one from the
cubic one were selected. Three subsequent annealing ex-
periments were carried out on these samples: First each
sample was sealed into an evacuated quartz tube and
heated up to 893 K (= 620◦C, i.e., into the cubic phase).
Then the samples were kept at 893 K for 2 h, cooled
down slowly to 500 K, and kept at that temperature
for one day. After cooling down to room temperature,
the magnetization of the samples was measured. After-
wards, they were sealed again, heated up to 893 K, slowly
cooled to 500 K, kept there for one week, and measured.
In the last annealing experiment, the samples were kept
for three weeks at 500 K.58 Sometimes annealing slightly
affected a sample’s surface color, but the bulk was not de-
graded, as also discussed in Sec. IV C. Table I summarizes
the T ∗ and M7T,2K values of these samples as grown and
after each annealing experiment. Their positions in the
phase diagram are indicated by colored symbols in Fig. 1
(with increasing xa: magenta, blue, red, green, cyan).
The T ∗ values for the controlled-cooled as-grown samples
are plotted with circle symbols. The corresponding data
points referring to one day, one week, and three weeks of
annealing are marked with square, triangle, and diamond
symbols, respectively, as also indicated in brackets in the
top line of Table I.
The magnetization data for three out of the five test
samples are summarized in Fig. 3. Data for the most
lightly- and heavily-doped samples are not shown here
for simplicity. These can be found in the Supplemental
Material Ref. [53], Fig. S4. Figures 3(a) – 3(c) contain
the temperature dependence [M(T )], and Figs. 3(d) – 3(f)
the field dependence [M(B)] of the magnetization, re-
spectively. The annealing process affects the samples in
different ways: We observe changes in T ∗ in M(T ) mea-
surements as well as changes in the shape of the hystere-
sis loops and of the magnetic moment M7T,2K in M(B)
measurements. We note that the M(B) curves are not
fully saturated yet at 7 T and in higher-doped samples
their slope can slightly vary upon annealing. The phase
diagram can be divided into three regions and in the fol-
lowing, we will discuss these regions separately.
Light doping xa . 0.075: Below the peak concentra-
tion of the dome of the high-T ∗ phase, annealing does
not have a strong impact on T ∗. For both examined
samples with xa = 0.027 and 0.060, T
∗ remains roughly
constant and tends to decrease slightly in longer anneal-
ing experiments (xa = 0.027: −8.5%, xa = 0.060: −3.0%
after three weeks annealing). The effect on the hystere-
sis loops is also tiny. They become somewhat sharper
around the origin while the magnetic moment M7T,2K at
7 T and 2 K remains unchanged.
6When approaching the structural-transition range
(0.075 . xa . 0.220; gray-shaded area in Fig. 1), a
clear annealing effect on T ∗ is observed. The test sam-
ple with xa = 0.139 was found to exhibit a higher T
∗
value by about 40% after annealing for one week. The
strongest enhancement of T ∗ was observed for the sam-
ple with xa = 0.206, where T
∗ reached 212 K after one
week annealing, corresponding to an increase of 86%. For
both samples, the even longer three-weeks-annealing ex-
periment did not change T ∗ significantly any more (193 K
and 214 K, respectively), which suggests that about one
week annealing at 500 K is sufficient to reach the fully
spinodal-decomposed state in the sense of maximizing
T ∗. We note that it is possible to obtain any T ∗ value
between the “as grown” controlled-cooled and the “an-
nealed” phase line in Fig. 1 as already suggested by the
scatter of the data points in the phase diagram. The gray
triangle data points in Fig. 1 indicate additional samples
which were annealed at 500 K, but for some of them the
respective T ∗ values are below the dotted line denoted as
“annealed”, which is in this sense the “maximum-T ∗” line
observed in this study.59 As for M(B) measurements, an-
nealing causes again a slight sharpening of the hysteresis
loops. However, in contrast to the lower-doped samples,
here the magnetic moment at 7 T and 2 K is not con-
stant any more. Upon annealing an increase as well as a
decrease was found to be possible.
High doping xa & 0.220: The T ∗ of the test sample
with xa = 0.315 in the cubic phase is almost unaffected
by the different annealing experiments (see Fig. S4 (b)
in Ref. [53]) in agreement with the phase diagram. The
hysteresis loops of this sample exhibit only tiny modifi-
cations, but the observed changes in M7T,2K after each
successive annealing experiment are the largest among
all test samples. Apparently, these changes are not corre-
lated with the annealing time, but they increase system-
atically with the Mn concentration [∆M7T,2K = 0.018
(xa = 0.139), 0.114 (xa = 0.206), and 0.134 (xa =
0.315)], cf. Table I. We will address this issue in the Dis-
cussion Sec. IV in more detail.
C. Evolution of XRD patterns
Figure 4 summarizes SXRD measurements at room
temperature for selected samples from different parts of
the phase diagram. The wavelength used in this experi-
ment is λ = 0.5001(1) A˚, i.e., different from that of the
Cu-Kα1 radiation used in the in-house experiments, and
therefore the 2θ values in Fig. 4 differ from those pre-
sented in Fig. 2. In total, we took high-resolution SXRD
data on nine quenched, eight controlled-cooled, and three
annealed samples of Ge1−xMnxTe. In addition, pristine
(rhombohedral) GeTe was also measured. The data of
the latter are shown in Fig. 4 (a) for comparison. The
corresponding pattern of the cubic material is shown in
Fig. 4(b) measured on a sample from the heavily-doped
part of the phase diagram (xa = 0.231). The main reflec-
tion 200c (or 012h in the rhombohedral phase) is almost
unchanged in either structure, while each of the peaks on
both sides of the main reflection are split in the distorted
rhombohedral structure.
The data of the samples which are highlighted with
thicker black symbols in Fig. 1 are shown in Figs. 4(c)
to 4(g) with increasing xa. To compare how the dif-
ferent heat treatments affect the patterns, each of these
panels contains data for a quenched (“q”; red) and a
similarly-doped controlled-cooled sample (“cc”; blue).
Among them, parts of the data presented in (d) (“cc”
data) and (g) (“q” data) were already shown in Ref. [49].
Figure 4(h) presents data taken on the annealed sample
(“an”; green) which exhibits the highest T ∗ found in this
study (green diamond symbol in Fig. 1). As in Fig. 2,
we focus on the rhombohedral 104h and 110h peaks. The
vertical dotted lines in these panels mark the positions
of the 104h and 110h peaks for pristine GeTe for com-
parison (2θ ≈ 13.4◦ and 13.8◦, respectively). We will
describe the changes with xa step by step while moving
from Figs. 4(c) to 4(h).
In Fig. 4 (c), the SXRD data of the quenched sam-
ple (xa = 0.026; red) exhibits two well-separated 104h
and 110h peaks indicating a rather uniform rhombohe-
dral distortion throughout the pulverized powder sample.
By contrast, the 104h reflection of the controlled-cooled
sample (xa = 0.025; blue) is broadened, showing a split-
ting into at least two peaks and a pronounced smaller
peak intensity. The latter is apparently distributed over
a larger angular range, i.e., the rhombohedral distortion
is not uniform in this sample. There are rather vari-
ous regions with different degrees of distortion while the
overall rhombohedral symmetry is preserved. This obser-
vation is in accord with the inhomogeneous distribution
of the Mn atoms with a characteristic length scale of sev-
eral tens of nm, as presented in Fig. 4 of our preceding
publication Ref. [49], which may also contribute to the
observed broadening of the diffraction peaks.
Figure 4 (d) shows the SXRD data for samples with Mn
concentrations xa = 0.073 (“q”) and 0.076 (“cc”), i.e.,
they are located in the center of the dome of controlled-
cooled samples in the phase diagram in Fig. 1. Again
there are two comparably sharp and well separated peaks
visible in the SXRD data of the quenched sample (red).
The lower 104h peak has shifted to higher angles in agree-
ment with the larger Mn concentration. In the respective
data for the controlled-cooled sample (blue), the 104h
peak has split as indicated by the two maxima. More-
over there is a broad hump (or third maximum) at the
low-angle side. The lower maximum and the broad hump
are clearly below the vertical dotted line at 2θ ≈ 13.4◦,
indicating that some parts of the sample are even more
strongly distorted than pure GeTe. On the other hand,
the upper maximum of the 104h peak has shifted to-
wards higher angles than the corresponding single peak in
the data of the quenched sample, in agreement with the
aforementioned scenario towards the formation of Mn-
rich less-distorted regions (closer to cubic) in a surround-
7FIG. 4: High-resolution SXRD patterns at room temper-
ature. (a) Typical peak profile for pristine rhombohedral
GeTe (space group R3m). (b) Corresponding data for a cubic
Ge1−xMnxTe sample with xa = 0.231 (space group Fm3¯m).
In the cubic phase all peaks shown in the panel are single
peaks. (c) – (h) SXRD data around the rhombohedral 104h
and 110h reflections for selected samples. The corresponding
data points in the phase diagram in Fig. 1 are indicated by
the same labels (c) – (h). Each panel (c) – (g) contains data
for a controlled-cooled (labeled “cc”, blue) and a quenched
(“q”, red) sample with similar Mn concentrations for com-
parison. Panel (h) shows the data for the annealed (“an”,
green) sample with the highest T ∗, see text for details. The
vertical dotted lines in the panels indicate the positions of the
104h and 110h reflections in pristine GeTe.
ing matrix of almost pristine GeTe. The 110h peak is also
somewhat broader.
Figure 4 (e) contains data for samples which are lo-
cated around the lower end of the gray-shaded structural-
transition range in Fig. 1: xa = 0.151 (“q”; red) and
xa = 0.155 (“cc”; blue). In this Mn concentration range,
the 104h peak of the quenched sample has also broadened
and started to merge with the 110h peak, indicating the
formation of cubic phase fractions. The 110h peak has
split into two maxima, most likely due to a mixture of
the cubic 220c and the rhombohedral 110h reflections. In
the case of the controlled-cooled sample, the features at
the low-angle side below the dotted line have almost van-
ished. Most intensity has shifted towards the 104h peak
as indicated by its broad left shoulder.
Figure 4 (f) contains data for samples with xa = 0.198
(“q”; red) and xa = 0.212 (“cc”; blue). Both samples are
located in the upper half of the gray-shaded structural-
transition range in Fig. 1. In case of the quenched sample,
the lower 104h peak has almost vanished but is still dis-
cernible. The main part of the sample is already cubic,
as indicated by the strong 110h (or 220c) peak. The sit-
uation for the controlled-cooled sample is similar. The
intensity of the lower 104h peak became weak and it
has developed into a single feature with only little in-
tensity below the dotted line at about 13.4◦, while the
110h (220c) reflection is strong. However, both peaks
are still more separated than in the case of the quenched
sample.
Figure 4 (g) summarizes data for a quenched (xa =
0.231; red) and a controlled-cooled (xa = 0.257;
blue) sample which are located above the gray-shaded
structural-transition range in Fig. 1. In both cases, there
is only a single sharp cubic 220c peak, and no shoul-
ders, humps, or similar features are visible. Both sam-
ples have completed the doping-induced structural phase
transition. In the cubic phase, there is no apparent spin-
odal decomposition taking place, and hence the micro-
scopic crystal structure is the same and independent of
the heat treatment, in agreement with the results of mag-
netic measurements.49
Figure 4 (h) contains data for the long-time annealed
sample with the highest T ∗ observed here. The Mn con-
centration is xa = 0.206 in the gray-shaded structural-
transition range in Fig. 1. The 104h reflection exhibits
doubly split maxima, the lower one below the dotted line
at 2θ ≈ 13.4◦ and the upper one has partially merged
with the 110h reflection. There is also a broad feature
at lower angles below the lower maximum of the 104h
reflection. As for the Mn concentration, this panel lo-
cates between panels (e) and (f). In the data of the
controlled-cooled samples shown in the latter two pan-
els, the intensity of the 104h reflection has mostly shifted
above the lower dotted line. By contrast, the data in
panel (h) rather resembles qualitatively the data of the
controlled-cooled sample shown in panel (d), which has
a much smaller Mn concentration xa and a 104h reflec-
tion that has split into two maxima and a broad feature
below these. In spite of the large xa, the annealing pro-
cedure has switched this sample back into a structural
condition which was found in as-grown controlled-cooled
samples located around xa ≈ 0.075, i.e., in the center of
the dome of the high-T ∗ phase. The apparent difference,
beside the larger xa, is that the annealed sample has an
enhanced T ∗. This will be discussed in more detail in the
light of lattice constants and the evolution of the spinodal
decomposition in the next section.
IV. DISCUSSION
We carried out Rietveld refinements for all samples
measured by synchrotron radiation and estimated their
lattice constants ah and ch (in hexagonal setting) for the
rhombohedral phase and ac for the cubic phase. The re-
sults are summarized in Fig. 5 (a). For a better compar-
ison, the hexagonal parameters are plotted in their pseu-
docubic setting: a˜c =
√
2ah and c˜c = ch/
√
3. The lat-
tice parameters of quenched samples are indicated with
open symbols, those of controlled-cooled and annealed
8samples with filled symbols (a˜c: circles, c˜c: squares, ac:
triangles; for the color code see below). Figure 5 (b)
summarizes the corresponding volume fractions of the
respective phases. The Supplemental Material provides
raw SXRD and Rietveld-refined data for selected sam-
ples, see Fig. S5 in Ref. [53]. As in Fig. 1, the gray-shaded
area in Fig. 5 (a) indicates the structural-transition range
where the system changes to cubic structure.
A. Rietveld refinement and lattice constants
1. Quenched rhombohedral and cubic samples
Except for the quenched sample with xa = 0.151, the
lattice parameters for the quenched rhombohedral (low-
T ∗) and the either quenched or controlled-cooled cubic
specimen were already reported in our preceding paper
Ref. [49] (Fig. 3 therein). The SXRD patterns of these
samples can be explained by either assuming rhombohe-
dral or cubic phases. The corresponding lattice parame-
ters are plotted in gray and green symbols in Fig. 5 (a)
and are labeled with a gray R or green C.
2. Controlled-cooled rhombohedral samples
The Rietveld refinement and analysis of controlled-
cooled rhombohedral samples (high-T ∗) were much more
complicated due to the broadening and evolution of sev-
eral peaks in the SXRD data with xa. The aforemen-
tioned working hypothesis about the development of Mn-
rich regions and hence a spatial variation of the rhombo-
hedral distortion angle throughout the sample suggests a
multi-phase approach to fit the experimental data. Moti-
vated by the splitting of the rhombohedral 104h reflection
into two broad peaks, we assume a simplified model for
the analysis that there are two rhombohedral distortions
in the samples characterized by two different but fixed
distortion angles. As in our preceding paper, they are la-
beled R1 and R2. Hence we obtained two sets of a˜c and
c˜c lattice parameters for each controlled-cooled sample
below xa ≈ 0.21.60 Those are plotted in blue (R1) and
red (R2) in Figs. 5 (a) and (b). The structural compo-
nent R1 exhibits a stronger distortion, i.e., smaller Mn
concentration and therefore corresponds to the aforemen-
tioned matrix of low-doped or even pristine GeTe, while
the R2 component is less distorted, has a larger Mn con-
centration, and hence is closer to cubic structure. This
component corresponds to the Mn-rich regions embedded
in the surrounding matrix.
Here it is important to emphasize that the observed
splitting of the rhombohedral 104h reflection into two
peaks R1 and R2 is not due to the existence of an impu-
rity phase nor a simple phase separation into two phases
with sufficiently large size and well-defined Mn concen-
trations (a higher Mn-doped structural phase 1 and a
lesser-doped phase 2). In the case of a conventional phase
FIG. 5: (a) Lattice parameters of Ge1−xMnxTe: The lat-
tice parameters in the rhombohedral phase are given in their
pseudo-cubic setting a˜ =
√
2ah, c˜ = ch/
√
3 for a better com-
parison. Circle symbols refer to ah, squares to ch, and trian-
gles to the lattice parameter ac in the cubic phase. Open sym-
bols are used for quenched, filled symbols for controlled-cooled
and annealed samples. In the high-T ∗ phase of controlled-
cooled samples, a multiphase scenario of two rhombohedral
phase fractions is assumed (R1 and R2; blue and red). Upon
increasing xa & 0.080, a cubic phase fraction starts to grow
in addition; see text for details. The labels (C + R; cyan)
and (R + C; orange) indicate two samples which could be
refined best when assuming a cubic main phase plus a single
rhombohedral phase fraction or a single rhombohedral main
phase plus a cubic phase fraction, respectively. As in Fig. 1,
the gray-shaded area indicates the structural-transition range.
Dotted lines are guides to the eyes. (b) Volume fraction of
the different structural phases for selected quenched (“q”),
controlled-cooled (“cc”), and annealed samples (“an”). The
dotted arrows indicate their position, i.e., Mn concentrations
xa in panel (a). The black circle symbols are the respective
ferromagnetic T ∗ values (right axis), see text.
separation the reflections are expected to clearly split into
sharp peaks which is apparently not the case for, e.g., the
104h reflection. Nevertheless we address our approach as
two-phase model R1 + R2 for simplicity.
We also note that the assumption of only two rhom-
bohedral components, i.e., allowing for only two distinct
distortion angles, reproduces qualitatively the two-peak
structure of the rhombohedral 104h reflection, but does
not always yield very good quantitative fits to the data,
see Fig. S5 in Ref. 53, supporting the conclusion that
these features are not due to a phase separation into suf-
ficiently large domains. In reality, the rhombohedral dis-
tortion will rather change in a more continuous fashion
according to the local Mn concentration. Moreover upon
increasing xa, the locally large concentration of Mn ions
also leads to the formation of cubic phase fractions, fur-
ther complicating the modeling. In our refinements, we
had to expand the model from R1 + R2 to R1 + R2 +
C to fit the data, starting from an annealed sample with
9xa = 0.106 (not shown here, see Fig. S7 in Ref. [53]). It
is likely that these cubic phase fractions start to appear
at doping concentrations for which the as-grown high-
T ∗ phase boundary in Fig. 1 starts to decrease, i.e., for
xa & 0.080. For simplicity, the corresponding cubic lat-
tice parameters are not plotted in Fig. 5 (a).
B. Volume fraction
In Fig. 5 (b), the volume fractions of 11 samples are
shown. They are grouped into five histograms. Each
histogram shows the ratio of the different phase frac-
tions (left axis scale) for a quenched (labeled “q”) and
a controlled-cooled sample (“cc”) with similar Mn con-
centrations xa. The central histogram contains data for
three samples. Here the result for the annealed sample
(“an”) which exhibits the highest T ∗ is added. The black
data points plotted on each bar indicate T ∗ of that sam-
ple (right axis scale). The order of the histograms from
left to right “q”, “cc”, and for the central one also “an”,
corresponds to the increased time which a sample was
kept at elevated temperatures. In this sense the horizon-
tal axis of each histogram represents the time for which
the spinodal decomposition in a sample could proceed.
The arrows connecting Figs. 5 (a) and (b) indicate the
respective Mn concentrations of the samples summarized
in panel (b). We will discuss the evolution of the differ-
ent phase fractions from left to right with increasing xa.
In the Supplemental Material, a similar histogram plot
including data for additional samples can be found, see
Fig. S7 in Ref. [53].
The first two histograms contain data of samples with
Mn concentrations smaller than 0.080. For none of them,
the assumption of a cubic phase fraction was necessary
in our Rietveld refinements. Both quenched samples,
which are characterized by a more homogeneous Mn dis-
tribution, consist of a uniformly distorted rhombohedral
structure R, which we identify with R1 (blue). The
two controlled-cooled samples are subject to the spin-
odal decomposition which leads to the formation of two
differently-distorted phase fractions. Each of the two
phase fractions R1 (blue) and R2 (red) accounts for
roughly half of the sample volume, in qualitative agree-
ment with the observation that the rhombohedral 104h
reflection has split into two (broad) peaks with compa-
rable intensity in these samples, cf. Figs. 4 (c) and (d).
At the same time, T ∗ (black circle symbols in the his-
tograms) is strongly enhanced compared to the case of
the quenched samples. This clearly indicates that phase
fraction R2 is responsible for the emergence of high-T ∗
values.
The third histogram summarizes the volume fractions
of three samples, all of them located in the structural-
transition range 0.15 . xa . 0.22. In the quenched
sample (left bar), about 25% of the sample volume have
already changed into the cubic phase. The fact that
the sample has not completely switched yet, i.e., that
there is no sharp structural phase transition, implies that
quenched samples also exhibit a slight Mn inhomogene-
ity. In those parts of the sample where the local Mn
concentration is sufficiently large, the structure locally
turns into the cubic phase, while the rest of the sample
remains distorted. However, T ∗ remains small in agree-
ment with the absence of the less-distorted rhombohedral
phase fraction R2. The controlled-cooled sample in the
third histogram of Fig. 5 (b) (central bar), which has
a very similar xa as the quenched sample, also exhibits
a cubic volume fraction of about 25%. As in the case
of the controlled-cooled samples shown in the first two
histograms, roughly half of the sample consists of the
strongly-distorted and Mn-poor phase fraction R1. Nat-
urally, the cubic phase starts to grow in the Mn-rich R2
regions of a sample and reduces their volume. At the
same time, T ∗ has decreased compared to the controlled-
cooled sample in the second histogram, which underlines
the direct correlation between the existence of R2 phase
fractions and high-T ∗ values. The third sample in this
histogram has a somewhat larger xa, exhibits the highest
T ∗ observed in this study, and was annealed for three
weeks at 500 K. Apparently, this heat treatment reduced
the cubic phase fraction to less than 10% while R2 has
grown (or regrown)61 and accounts again for approxi-
mately 50% of the sample volume. As a result, T ∗ is
strongly enhanced. This can be directly seen in Fig. 4 (h),
where the overall shape became “more” rhombohedral
again in spite of the large average Mn concentration.
To check whether it is possible to extract more quan-
titative information about the Mn concentration in the
different phase fractions, we tried two additional Rietveld
refinements on the “maximum-T ∗” sample: (i) The first
approach is under the assumption that the phase frac-
tions R1, R2, and C have the same Mn concentration xa.
(ii) In the second scenario it is implied that R2 adsorbs all
Mn from R1, i.e., R1 consists only of pure GeTe. Both
models yield similarly good descriptions of the SXRD
data, see Fig. S6 in Ref. [53]. The estimated structural
parameters are almost identical. Hence it is not possi-
ble to distinguish these two approaches quantitatively
and determine the Mn concentrations of the different
phase fractions independently by means of Rietveld re-
finements. The main problem here is that the features
from different phases are too contiguous and hence it is
difficult to separate their intensities from each other.
The fourth histogram in Fig. 5 (b) shows the situa-
tion for a quenched and a controlled-cooled sample lo-
cated in the upper half of the gray-shaded structural-
transition range. The quenched compound has already
completely switched into the cubic phase. By contrast,
the controlled-cooled sample exhibits still a sizable rhom-
bohedral volume fraction R1 of more than 1/3. However,
there is no indication of a differently-distorted second
phase fraction R2 any more in agreement with the find-
ing that T ∗ has dropped strongly to a similar value as it
is observed for the quenched sample.
The fifth histogram consists of data for a quenched and
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a controlled-cooled sample in the cubic part of the phase
diagram xa & 0.22. There is no difference any more in the
ferromagnetic phase between either heat-treated sample,
and their T ∗ values are very similar.
The finding that the occurrence of high-T ∗ values is
directly correlated to the existence of rhombohedral R2
phase fractions leads to the very interesting question
about the role of the polar-distortion-induced Rashba-
spin splitting in enhancing T ∗ values in Ge1−xMnxTe.
It was reported recently that the giant Rashba splitting
of the bulk bands in pristine GeTe survives against the
Mn doping.62 Since the ferromagnetism in Ge1−xMnxTe
is charge-carrier mediated, it is reasonable to expect that
there is an effect on the ferromagnetic exchange due to
the band structure. Apparently Ge1−xMnxTe exhibits
high-T ∗ values as long as the polar structure is preserved
in parts of a sample. This suggests that the Rashba-
split band structure in this system is at least partially
responsible for the occurrence or in favor of high-T ∗ val-
ues. Further experiments as well as theoretical input are
required and desirable to shed light on this intriguing
issue.
C. Annealing effect
As described in the last part of Sec. III B, not only T ∗
but also M7T,2K is affected in our heat-treatment experi-
ments. There are several conceivable possibilities, which
may change the magnetic moment at 7 T and 2 K upon
annealing: (i) degradation of the sample by time / heat
cycles, (ii) formation (or extinction) of interstitial Mn2+
defects, which are known to play an important role in
the case of the textbook-diluted-magnetic semiconduc-
tor (Ga,Mn)As,63,64 or (iii) emergence (or extinction) of
direct antiferromagnetic Mn2+−Mn2+ exchange interac-
tion.
As for (i), we sometimes observe a change in the surface
color of a sample. Especially after subsequent annealing
steps, it turns blackish. But this was found only to af-
fect the surface of a sample, and scratching or polishing
yields again very shiny surfaces. Hence the bulk part
of the sample does not degrade. It also happens that
small pieces break off, or that a sample breaks into two
or more pieces. Those pieces can show different T ∗ and
M7T,2K values, reflecting the inhomogeneous situation of
annealed samples. But for single pieces, the changes of
the magnetic moment at 7 T and 2 K are not systemati-
cally correlated with the course of the annealing experi-
ments, i.e., M7T,2K is observed to decrease and increase
and hence the magnetic moment can recover. Therefore
degradation can be excluded to be responsible for the
changes in M7T,2K.
The second possibility, formation or extinction of in-
terstitials, changes the number of Mn2+ ions which form
Mn2+ – Mn2+ pairs with possibly strong antiferromag-
netic coupling, and hence reduce or increase the mea-
sured moment M7T,2K. We cannot fully exclude that
there are some interstitials, but we speculate that they
are of small significance since we only observe such
changes in M7T,2K for larger xa. If interstitials would
play a major role, changes for all xa throughout the phase
diagram are expected.
On the other hand, scenario (iii) seems feasible: In
the rhombohedral high-T ∗ phase, the spinodal decom-
position in Ge1−xMnxTe forms Mn-rich regions. If the
total number of Mn2+ ions is still small, the number
of near-neighbor Mn2+−Mn2+ pairs with antiferromag-
netic coupling is also small. Hence, additional annealing
of low-doped samples cannot enhance the Mn2+−Mn2+
pair formation due to the lack of sufficient Mn2+ ions
and M7T,2K remains unchanged. However, upon increas-
ing xa, more and more Mn
2+ ions will get close to each
other and hence the number of antiferromagnetically cou-
pled Mn2+−Mn2+ pairs increases. This suggests that
upon increasing xa, the moment M7T,2K underestimates
the real, i.e., chemical Mn concentration more and more
due to increasing antiferromagnetic contributions. When
annealing a sample, the Mn distribution changes due
to the spinodal decomposition and therefore the antifer-
romagnetic contribution may vary in an unpredictable
way. Thus, the antiferromagnetic contribution in a cer-
tain sample will vary, and the larger xa becomes, the
larger might be the change in M7T,2K before and after
certain heat-treatment procedures. We note that there
is no direct correlation between the size of the weakly-
distorted phase fraction R2 and the saturation moment
M7T,2K, cf. Figs. 5 (b) and S7 in Ref. 53.
The remaining open question is why the experimen-
tally observed changes in M7T,2K are largest in the cubic
phase where there is no apparent spinodal decomposition
at work and which is expected to exhibit a rather ho-
mogeneous Mn distribution. Here we can only speculate
that there is also a slight Mn inhomogeneity present even
in the supposedly homogeneous cubic phase. This could
cause changes in M7T,2K because the overall Mn doping
level is already so large that even a small Mn redistribu-
tion modifies the near-neighbor antiferromagnetic cou-
plings. Since the phase fraction R2 does not form any
more, T ∗ is not much affected. When comparing the
higher-angle SXRD results for a quenched (xa = 0.231)
and a controlled-cooled cubic sample (xa = 0.257), it was
found that the SXRD peaks in the data of the quenched
sample are slightly sharper than those measured on the
controlled-cooled sample, cf. Fig. S9 in the Supplemen-
tal Material Ref. [53]. This could be a subtle indication
of a slightly more inhomogeneous situation in controlled-
cooled samples even in the cubic phase.
Finally, we comment on the interplay of the different
phase fractions R1, R2, and C. In addition to the spinodal
decomposition as driving force, there must be an inter-
action at work between the R1 and R2 phase fractions
which allows the Mn-rich R2 fraction to remain rhom-
bohedral even when the R2 phase is getting very close
to cubic symmetry. This might be due to strong strain
caused by the surrounding strongly-distorted Mn-poor
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R1 fraction. In other words, the accumulation of Mn
in the R2 regions requires a stronger distortion in the
surrounding R1 matrix. It is noted that the XRD data
in Figs. 2 and 4 suggest that R1 is at least partly more
strongly distorted than pristine GeTe. In this sense, the
R2 regions draw the Mn ions out of the R1 matrix and
a subtle balance forms between the two phase fractions
as the spinodal decomposition proceeds. The more Mn
is incorporated into the R2 regions, the higher is T ∗. As
soon as cubic phase fractions appear, R2 looses weight
and hence they are responsible for the suppression of T ∗
in controlled-cooled samples which leads to the dome-
shape of T ∗. To achieve high values of T ∗, large Mn
concentrations and hence larger mutual strain in the in-
terplay of R1 and R2 are required. In this picture, the
ideal high-T ∗ phase line is the strongly increasing ini-
tial dotted line in the phase diagram in Fig. 1 up to the
maximum of the dome at around xa ≈ 0.080, and then
it keeps increasing linearly into the structural-transition
range along the dotted line labeled “annealed”. One may
speculate that without structural phase transition, even
higher-T ∗ values would be feasible. The experimental
finding that T ∗ values above 200 K are not necessarily re-
producible suggests that a certain initial Mn distribution
is at least helpful or necessary in achieving such high-T ∗
values. Hence, it is plausible to assume that the initial
Mn distribution partly determines the detailed interplay
between R1, R2, and C in a sample. To further investi-
gate this issue, it would be very interesting to measure
the Mn distribution directly by a local probe with a spa-
tial resolution of ∼ 10 nm.
V. SUMMARY
In conclusion we presented a comprehensive study of
the structural evolution in Ge1−xMnxTe with x, comple-
menting our earlier work, where we reported that there
are two different ferromagnetic phases in the rhombohe-
dral part of the phase diagram. Which phase is realized
depends on the heat treatment of the sample: controlled
cooling (high T ∗) vs. quenching (low T ∗) from high tem-
peratures. Here we could show that in the high-T ∗
phase, differently rhombohedrally-distorted phase frac-
tions develop with different Mn-doping levels. The less
distorted Mn-rich fractions are responsible for the oc-
currence of high-T ∗ values. Upon further doping, cu-
bic phase fractions also emerge, and T ∗ is suppressed
again. The underlying mechanism is a spinodal decom-
position and a complex interplay between the involved
rhombohedral and cubic phase fractions. Moreover, we
successfully demonstrated that it is possible to achieve
even higher-T ∗ values by optimizing the heat treatment.
Here, a maximum bulk T ∗ of about 214 K was found
for xa = 0.177 after annealing the sample at 500 K
for three weeks. This exceeds the transition temper-
atures in prototypical (Ga,Mn)As and many other di-
luted magnetic semiconductors. The comparison of high-
resolution synchrotron XRD data identified the increase
of the less-distorted rhombohedral phase fractions ac-
companied by the reduction of the cubic phase fractions
upon the annealing-induced enhancement of T ∗, clearly
demonstrating the importance of the less-distorted rhom-
bohedral phase fractions.
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